Over the past 40 years, a number of seemingly unrelated mechanisms have been implicated in the early stages of glucose-mediated damage responsible for diabetic complications. Starting in 2000, a series of publications showed that each of these mechanisms reflects a single hyperglycemia-induced process: overproduction of superoxide by the mitochondrial electron transport chain. This discovery created a paradigm shift in the field[@b1],[@b2].

In the kidney, hyperglycemia causes increased reactive oxygen species (ROS) in both glomerular mesangial cells and proximal tubular cells. The central pathogenic role of hyperglycemia-induced superoxide in initating diabetic glomerular injury is directly supported by the observation that overexpression of superoxide dismutase as a transgene protects 8-month-old diabetic mice from developing increased fractional mesangial volume, increased glomerular transforming growth factor-β, increased collagen IV and increased plasma creatinine[@b3]. Transgenic expression of superoxide dismutase (SOD) similarly prevents diabetic retinopathy and cardiomyopathy.

This paradigm has been challenged in a recent paper by Dugan *et al*.[@b4], who claim that in the diabetic kidney, ROS are decreased rather than increased. The authors also report that adenine monophosphate (AMP)-activated protein kinase (AMPK) activity, proliferator-activated receptor γ coactivator 1α (PGC1α) protein level and mitochondrial density are decreased in the diabetic kidney, and suggest that these reflect a feed-forward cycle of decreased AMPK activity, decreased PGC1α, and decreased mitochondrial biogenesis, initiated and maintained by decreased mitochondrial ROS production.

A Closer Look at the New ROS Data
=================================

Over the past decade, it has become clear that both physiological and pathological states are determined by complex interactions among different molecular and cellular populations. In addition, temporal and spatial factors are critically important. In early experimental and human diabetic nephropathy, pathognomonic changes occur exclusively in the glomeruli, where increased mesangial fractional area and glomerular basement membrane thickness are observed. Importantly, evidence of increased ROS production in the diabetic kidney is found almost exclusively in the glomeruli and proximal tubules. However, glomeruli and proximal tubules represent a very small percentage of the total kidney volume. Dugan *et al*.[@b4] used electron paramagnetic resonance (EPR) and the cyclic nitrone spin trap, 5-(diethoxyphosphoryl)-5-methyl-1-pyrroline-N-oxide (DEPMPO), to measure ROS in whole kidney homogenate, but not in isolated glomeruli. Thus, these data only reflect diabetes-associated changes in the entire kidney. For live animal imaging of ROS, Dugan *et al*.[@b4] used dihydroethidium (DHE) fluorescence to show superoxide production in whole kidney. They also used DHE fluorescence to detect DHE oxidation in kidney slices with confocal microscopy. However, DHE is readily spontaneously oxidized and often gives a high background. It can also undergo direct metabolic oxidation without any free radical reactions. Without HPLC confirmation of superoxide-specific DHE-derived products, plus demonstration that fluorescence is inhibited by SOD, interpretation of changes in DHE red fluorescence is problematic[@b5]. ROS need to be more specifically measured in renal glomeruli and proximal tubules isolated from diabetic kidneys to know the effect of diabetes on the renal structures whose morphology and function are affected by experimental diabetes.

Alternative Model of a Feed-Forward Cycle Involving Decreased AMPK activity and Decreased Mitochondrial Biogenesis, Caused by Increased ROS
===========================================================================================================================================

Dugan *et al*.[@b4] found that AMPK activity, PGC1α protein level and mitochondrial density are decreased in the diabetic kidney. They suggest that these reflect a feed-forward cycle initiated and maintained by decreased mitochondrial ROS, based on the observation that increased ROS can activate AMPK without affecting AMP concentrations. Dugan *et al*.[@b4] propose that decreased ROS production causes decreased AMPK activity. This decrease in AMPK activity leads to a decrease in PGC1α protein, resulting in decreased mitochondrial density and a consequent decrease in mitochondrial ROS. Restoration of AMPK activity by the AMP-analog, 5-aminoimidazole-4-carboxamide ribonucleoside (AICAR), normalized AMPK activity, PGC1α levels and mitochondrial density. Their model predicts that increased AMPK activity would increase mitochondrial ROS. However, when AMPKα is silenced in human endothelial cells, there is an increase, not a decrease, in ROS, and increased AMPK activity achieved either by AICAR or by overexpression of constitutively activated AMPK inhibits, rather than enhances, superoxide production induced by high glucose exposure in human umbilical vein endothelial cells (HUVECs)[@b6]. The AICAR-induced decrease in glomerular levels of the oxidative marker, 8-hydroxydeoxyguanosine (8-OHdG), observed by Dugan *et al*.[@b4] is consistent with these data.

An alternative model of a feed-forward cycle involving decreased AMPK activity and decreased mitochondrial biogenesis caused by increased mitochondrial ROS is suggested by our discovery that high glucose-induced ROS causes deoxyribonucleic acid (DNA) strand breaks in the nucleus (Figure[1](#fig01){ref-type="fig"}). This activates the latent DNA repair enzyme poly (adenosine diphosphate \[ADP\]-ribose) polymerase (PARP)[@b2], which degrades nicotinamide adenine dinucleotide^+^ (NAD^+^) in the process of synthesizing ADP-ribose. High glucose reduces NAD^+^ content by 50% in wild-type endothelial cells, and PARP deficiency or inhibition prevents this[@b7]. This is important, because reduced NAD^+^ concentration inhibits the activity of the NAD^+^-dependent protein deacetylase sirtuin 1 (SIRT1)[@b8]. SIRT1 deacetylates and activates both PGC1α and liver kinase B1 (LKB1), the kinase that activates AMPK. This model provides an alternate explanation for the decreased AMPK activity, PGC1α expression and consequent decrease in mitochondrial mass observed by Dugan *et al*.[@b4], which is caused by increased, rather than decreased mitochondrial ROS in response to high glucose. Experimental support for this comes from the recent demonstration that SIRT1 is downregulated in proximal tubules of diabetic mice before albuminuria occurs. Proximal tubule-specific SIRT1 transgenic and knockout mice showed prevention and aggravation of the glomerular changes that occur in diabetes, respectively, whereas non-diabetic knockout mice developed diabetic-like albuminuria. Proximal tubule SIRT1 overexpression was shown to epigenetically suppress expression of the tight junction protein, claudin-1, in podocytes of diabetic mice[@b9].

![Proposed mechanisms involved in the pathogenesis of diabetic nephropathy. (a) Model of a feed-forward cycle involving decreased adenine monophosphate (AMP)-activated protein kinase (AMPK) activity and decreased mitochondrial biogenesis caused by decreased reactive oxygen species (ROS; proposed by Dugan *et al*.[@b4]). Dugan *et al*.[@b4] reported that AMPK activity, proliferator-activated receptor γ coactivator 1α (PGC1α) protein level and mitochondrial density are decreased in the diabetic kidney. They suggested that these reflect a feed-forward cycle initiated and maintained by decreased mitochondrial ROS. They also showed that decreased ROS production was associated with decreased AMPK activity. (b) An alternate model of a feed-forward cycle involving decreased AMPK activity and decreased mitochondrial biogenesis caused by increased mitochondrial ROS. We previously reported that diabetes increased mitochondrial ROS. ROS causes deoxyribonucleic acid (DNA) strand breaks in the nucleus, resulting in activation of poly (adenosine diphosphate \[ADP\]-ribose) polymerase (PARP), which degrades nicotinamide adenine dinucleotide^+^ (NAD^+^) in the process of synthesizing ADP-ribose. Reduced NAD^+^ concentration inhibits the activity of the NAD^+^-dependent protein deacetylase sirtuin 1 (SIRT1). SIRT1 deacetylates and activates both PGC1α and liver kinase B1 (LKB1), the kinase which activates AMPK.](jdi0006-0137-f1){#fig01}

The study by Dugan *et al*.[@b4] is important, because science progresses through critical examination of current hypotheses in the light of new data and claims. Although their feed-forward loop data can be better explained by a model consistent with a diabetes-induced increase in ROS production, this study will stimulate new ideas and new experiments. The recent finding by Hodgin *et al*.[@b10] that glomerular transcription networks in diabetic mice most closely resemble transcriptional changes that occur quite early in human diabetic nephropathy vs those that occur later reminds us that dominant pathogenic mechanisms likely differ for different stages of diabetic nephropathy. Discovering what the dominant multilevel molecular patterns are at different clinical/pathological stages of diabetic nephropathy will require imaginative new approaches using human tissue. Only with such knowledge will it be possible to develop therapeutic approaches that prevent the progression of very early diabetic nephropathy to end-stage renal failure.
